ABSTRACT: We study the self-assembly of a dendritic macromolecular system formed by a secondgeneration dendron with pH-responsive end groups and with a polymer chain emanating from its focal point, typically referred to as dendron-coil system. We use supramolecular ionic interactions to attach to the periphery of the dendrons sulfate-terminated alkyl tails of various lengths. The resulting ionic complexes have a molecular architecture similar to a four-arm dendritic pitchfork with varying arms and holder lengths. The bulk morphologies observed by small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) show thermodynamically stable, hierarchical "inverted" hexagonal or lamellar structures. In addition, for a specific range of volume fractions, we show order-to-order transitions associated with the melting of the crystalline alkyl tails. The structural models for the molecular packing emerging from TEM and SAXS analysis are benchmarked to available self-consistent field theories (SCFTs) developed for identical systems and experiments and theoretical predictions are found in perfect agreement. With respect to our previous work on inverted dendron and dendrimer-surfactant self-assembled morphologies (Mezzenga et al. Soft Matter. 2009, 5, 92-97), the present findings show that keeping the same dendritic molecular architecture but adding a polymer chain emanating from the focal point enables the scale up of the structural organization from the liquid crystalline length scale (10 0 nm) to the block copolymer length scale (10 1 nm) while preserving the inverted unconventional morphologies. Because the length of the holder and the arms of the dendritic pitchfork can be finely tuned, these systems offer new possibilities in the design of nanostructured organic materials and their use in templating applications.
Introduction
Supramolecular chemistry has gained remarkable attention in the last 20 years as a very powerful technique to design complex macromolecular systems based on noncovalent bonds. 1, 2 The self-assembly of these materials offers nearly limitless possibilities because the architecture of the macromolecular template, the nature of the supramolecular interactions, as well as the diversity of the ligands can be finely controlled to tune the morphologies and properties of the final complexes formed. [2] [3] [4] [5] [6] Dendrons, dendrimers, and dendronized polymers have emerged as unmatched building blocks for supramolecular polymer science. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] These highly branched molecules are of unique interest because their typical size and the number of peripheral groups, which participate in supramolecular interactions, can be designed by simply changing their generation. 7 These macromolecular templates have an intrinsic "concave" curvature at the dendritic surface with respect to the focal point, which has led previous studies on the self-assembly of dendrons and dendrimerbased systems to the assumption that this concave dendrimer/ pendant chain interface is maintained in the bulk structures. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] We have, however, recently shown that in columnar liquid crystalline phases based on dendronized polymers, dendrons, or dendrimers ionically complexed to alkyl tails, "inverted" topological configurations (with the pendant chains inside the columns) are possible in the solid state, provided that the volume fractions of the side chains do not substantially exceed the majority component. 25, 26 These results have some surprising connotation in the case of the dendrons and particularly dendrimers, in which the intrinsic natural curvature is more pronounced than that of corresponding dendronized polymers. Furthermore, self-consistent field theory simulations (SCFTs) support the occurrence of inverted configurations as thermodynamically stable structures for these complexes at the volume fractions investigated. 26 These exciting results open new routes to the design of porous nanotemplates if the surfactants restricted within the columns in the hexagonal or rectangular packing can be removed by exploiting their noncovalent bindings to the dendrons. 27 To understand to which extent this "inverted" self-assembly scheme is maintained and to control the resulting structural properties of the nanotemplates, we have used the same secondgeneration dendron as in ref 26 but with a polymer chain emanating out of the focal point. The polymerization degree of this polymer chain and thus its volume fraction can be maintained as a tunable parameter. We will demonstrate hereafter that this new molecular parameter is in fact a key variable in determining the final self-assembled morphologies. The secondgeneration dendron, which exhibits as a consequence a reduced degree of freedom, is then ionically complexed to sulfate-terminated alkyl tail surfactants of varying hydrocarbon lengths, and the resulting self-assembled structures in bulk are studied by SAXS and TEM.
Prevailing morphologies are identified as core-shell cylinders and hierarchically organized lamellae, both exhibiting long-range order. Temperature-dependent SAXS experiments are used to demonstrate unambiguously that the morphologies are thermodynamically stable. In addition, order-to-order transitions from hierarchical lamellae to core-shell hexagonal cylinders are observed in correspondence of the melting of surfactant crystallinity. Results are rationalized in terms of SCFTs available for identical dendritic pitchfork-like systems, 28 and we compare the results with the liquid crystalline structures observed without the presence of the linear polymer tail emanating from the focal point of the dendrons, thus highlighting the importance of a chain extension of the dendrons for the design of hierarchically organized structures with a high degree of order.
Experimental Section
Material and Complex Preparation. Second-generation dendrons were synthesized according to known procedures. 29 The covalent bonding of the polymer tail at the focal point of the dendron was realized via atom transfer radical polymerization of methoxy diethylene glycol methacrylate (MeDEG), and the polymerization degree of this polymer tail was designed to keep its mass relevant to that of the dendron. (Detailed information is available in the Supporting Information.) After deprotection with trifluoroacetic acid, the dendron-terminated polymers carry four ammonium end groups. NMR was carried on the deprotected systems, and no degradation was observed. To retain the positive charges of the end functional groups of the dendrons, the macromolecular templates were dissolved in acidic water (5 < pH < 6, adjusted with HCl). A separated solution of water and sulphated alkyl tails was prepared at identical pH. Ionic complexes were prepared by adding dropwise to the alkyl sulfate solution the equivalent molar mass of the dendritic solution under continuous stirring. For complexation with C 18 SO 4 -due to its lower solubility in water, 20% isopropanol was added, and the surfactant solution was heated to 40°C for a few minutes. In each case, upon addition of the polymer, the solutions became turbid, indicating the formation of stoichiometric complexes, 11 as we have already observed and characterized in our previous studies on dendritic polyelectrolytes-counter-charged surfactants ionic complexes. [25] [26] [27] Complexes were collected after centrifugation and removal of the water and then dried at 50°C for 1 day under low vacuum. The annealing of the samples was performed under high vacuum (<10 -7 mBar) at temperatures above the glass transition of the G2-PMeDEG polymers and maintained systematically between the melting temperature of the alkyl tails and the orderdisorder transition of the complexes (determined by SAXS measurements at different temperatures). Small-Angle X-ray Scattering (SAXS). Simultaneous smalland wide-angle X-ray scattering (SWAXS) experiments were performed on a SAXSess instrument (Anton Paar) using a Cu KR (λ = 0.1542 nm) X-ray source and a slit camera configuration. A highly sensitive SWAXS imaging plate at 263.3 nm from the sample is used to collect the signal under vacuum. The temperature of the sample is controlled by a homemade regulator between 20 and 200°C. Previously dried powder samples were placed in between two mica foils in the sample holder, and diffraction data were acquired for 1 h. For temperature-dependent measurements, each diffractogram was acquired after 30 min of equilibration at isothermal temperature. Measurements were repeated at least twice on different batches of the same complexes and were shown to be perfectly reproducible.
Transmission Electron Microscopy and cryo-TEM. TEM was carried out using a Jeol JEM-3200FSC field emission microscope operating at 300 kV voltage. The images were taken in bright field mode and using zero loss energy filtering (omega type) with the slit width of 20 eV. Micrographs were recorded using Gatan Ultrascan 4000 CCD camera. Specimen temperature was maintained at -187°C during the imaging using liquid nitrogen. For structures constituted by core-shell columnar hexagonal cylinders, the presence of PMeDEG in the continuous phase made challenging the use of TEM, as sections were found to be very unstable to the electron beam. In a further effort to stabilize these sections against electron beam, Heliumcooled cryoTEM was also employed, in which sections maintained at 18K did exhibit improved stability. Thin sections (∼70 nm) were cut at -60°C by Leica Ultracut UTC microtome using a 25°Diatome diamond knife. The sections were collected on 300 mesh lacey carbon grids. The samples were stained in vapor of 0.5% RuO 4 -stabilized aqueous solution (Electron Microscopy Sciences) for 1 min. RuO 4 selectively stains the aromatic rings present in the dendron molecule of the complexes, which confers them a dark contrast in the TEM micrographs. In addition, partial RuO 4 -staining of the PMeDEG polymers confers a gray color to domains made thereof. Structure periodicities and lattice parameters were calculated from Fourier transformed micrographs. Figure 1 provides a scheme of the resulting supramolecular complexes, whereas Table 1 gives the volume fractions of the individual molecular segments. 25 The number of repeating units in the polymer chain was 26 or 33, and the surfactants employed in the complexation were C 12 SO 4 -and C 18 SO 4 -. As a consequence, four complexes have been prepared and studied: G2-PMeDEG 26 Figure 2a presents the SAXS spectra acquired at different temperatures for the complex G2-PMeDEG 26 -C 12 SO 4 . The very same structure consisting of several Bragg reflections is observed at all temperatures below 90°C. At 90°C, the Bragg reflections disappear and the diffractogram evolves into a single broad peak scattering curve, characteristic of disordered systems exhibiting a correlation peak 30 and indicating that the order-disorder transition (T ODT ) has been passed. When the sample is cooled back to room temperature (upper curve), the same Bragg peaks appear at identical positions, and the peaks are better resolved, indicating that the structure is thermodynamically stable and that thermal annealing increases the degree of order. A closer inspection of the position of the peaks shows that they are spaced as q 1 :q 2 :q 3 :q 4 :q 5 :q 6 = 1:
Results and Discussion
, which is consistent with a columnar hexagonal phase with lattice period of 11 nm exhibiting as many as six Bragg reflections and thus characterized by a very long-range order. Although the Bragg reflections leave no space to doubts on the columnar hexagonal lattice organization, analysis of the form factor emerging from Figure 2a suggests a nontrivial structure. Indeed, for example, the relative heights of the first four peaks are nearly the same, whereas the intensity of reflections in a simple columnar hexagonal phase should decrease strongly with the order of the Bragg reflection. We infer here that this is due to the form factor of the cylinders. Figure 2b shows the corresponding TEM micrograph where contrast is achieved by RuO 4 , which selectively stains the aromatic rings of the dendrons. The very low contrast does not allow us to assess the morphology conclusively, although a hint of parallel cylinders can be spotted on the top left corner in the Figure. Generally speaking, the TEM imaging of the hexagonal structures turned out to be extremely difficult in each case, and this is believed to be the consequence of two main factors: (i) the PMeDEG polymer is a very low T g polymer (-27.1°C), which makes the sample very fluid, and thus the sections are particularly unstable to staining and electron beam imaging, and (ii) the PMeDEG polymer is derived from polymethylmethacrylate backbones, which notoriously undergo degradation upon TEM electron beam exposure. Whereas this directly supports the fact that the low T g PMeDEG polymer forms the continuous phase, more convincing TEM images of cylinders will be presented later.
On the basis of the chemical structure of the supramolecular complex, the calculated volume fractions (Table 1) , and the X-ray scattering profile, we suggest that the cylinders adopt a core-shell structure, as schematically drawn in Figure 2c , with the surfactants in the core of the cylinders (volume fraction below 0.2), the dendrons in the shells, and the polymer filling the space between the cylinders (highest volume fraction).
To reveal in the real space the structure of the hexagonally packed core-shell cylinders further, helium-cooled cryogenic TEM was also employed. This nontrivial technique, borrowed directly from biological sciences, has the benefit to stabilize further against beam damage samples having low-T g and methacrylate-based backbones, such as those used in the present case to design the hexagonal structures. Figure 3 shows a composite cryoTEM image of sample G2-PMeDEG 26 -C 12 SO 4 . In part a, a lower magnification of the cross-sectional cut of the columnar core-shell cylinders is illustrated. A hierarchical structure of the cylinders with a white inner spot, a dark corona, and a gray continuous phase can now be clearly resolved. The closest distance among the white inner spots is 10.8 nm, which is in excellent agreement with the 11.0 nm measured by SAXS analysis. Figure 3b shows a zoom of the cross-sectional structure of the cylinders, revealing additional details of the close packing of the core-shell cylinders, whereas Figure 3c shows the longitudinal projection of the cylinders, again constituted by a white inner core, dark intermediate domains, and gray domains in between.
Figure 4a presents the SAXS diffractogram measured for the complex G2-PMeDEG 26 -C 18 SO 4 at room temperature. The six peaks at low q, spaced as q 1 :q 2 :q 3 :q 4 :q 5 :q 6 =1:2:3:4:5:6, are typical of a very long-range ordered lamellar phase with a period of 13 nm. The large q region is also shown to highlight the presence of a peak around 16.7 nm -1 due to the crystallinity of the surfactant chains. SAXS measurements performed at different temperatures prove that the crystallinity of the small chains melts at 90°C, but the lamellar morphology remains up to 110°C. At 120°C, the T ODT is passed and the system enters the disordered region. When the sample is cooled to room temperature, the morphology is found to be lamellar again, proving that the structure is thermodynamically stable. Yet, the form factor of the lamellar phase is unusual with the multiple Bragg reflections of rather uncommon high intensities and, in particular, with the second peak higher that the first Bragg reflection; we will show below that this effect is due to a hierarchical packing of the lamellae. Figure 4b shows the TEM picture of the same complex, again stained with RuO 4 . Differently from the core-shell hexagonal phases, this complex exhibits a solid-like behavior because the PMeDEG domains now occupy 2D layers in contrast with the continuous 3D space-filling domains of the hexagonal phase. This trend, together with the lower volume fraction of PMeDEG, greatly improves the stability of the sections to staining and electron beam damage. The contrast between the different domains is very good, although the ratio of volume fraction of the different blocks cannot be precisely measured from the TEM because the images are acquired slightly out of focus to enhance the contrast between the different domains. Yet, the period of the lamellae can be measured and is in perfect agreement with the SAXS data. In the lower right inset of Figure 4b , the hierarchical organization of lamellae can be clearly observed, with the black domains corresponding to the stained dendrons, the white domains corresponding to the unstained surfactants, and the gray domains corresponding to the partially stained polymer tails. (RuO 4 can mark ethers and phenyl groups, but the staining of phenyl groups occurs more quickly and efficiently, which explains the black color for dendrons and the gray for polymers.) The organization of the G2-PMeDEG 26 -C 18 SO 4 complexes is sketched in Figure 4c . These findings demonstrate that the surfactant/dendron/polymer are incompatible, which further supports the core-shell cylinders arguments given for the G2-PMeDEG 26 -C 12 SO 4 complex.
As an additional comparison between TEM results and diffraction data, a fast Fourier transform (FFT) of the TEM picture is shown as an inset on the upper left corner of Figure 4b . The intensity along the highlighted rectangular zone of the FFT has been integrated, and the integration profile is presented in the inset of Figure 4a . The similarity with the scattering profile is remarkable, with high-order Bragg reflections of high intensities and with the second reflection stronger than the first. This clearly demonstrates that the unconventional form factor of the lamellar phase observed by SAXS arises from the hierarchical organization of lamellae.
Hierarchical structures have already been observed for block copolymers in which microphase segregation between two incompatible blocks can be combined with supramolecular attachment of side chains, or mesogens, or surfactants to one block. 5, 6, [31] [32] [33] [34] In these systems, self-assembly is typically organized on two length scales: that of the side chains and that of the polymers. The most frequently observed structure at the lowest length scale is lamellar, with side-chain layers orientated orthogonally to the higher periodicity flat interfaces. Additional topological configurations have been recently achieved by using more complex systems in which one of the blocks is a dendronized polymer capable of participating in supramolecular interactions. 35 These supramolecular structures can exhibit columnar phases with rectangular, square, and hexagonal lattice on the small length scale as well as lamellae-in-lamellae, but the orientation of the surfactant domains (columnar or lamellar) is still orthogonal to the block copolymer interfaces because of the topological connectivity among the different chemical components. 35 Experimental and theoretical works with multiblock terpolymers (C-b-(B-b-A) m -b-B-b-C) have shown hierarchical lamellae in lamellae structures where the lamellae are parallel [36] [37] [38] [39] or orthogonal to each other, 40, 41 but to achieve this self-assembly scheme, very complex chemical structures and high molecular weights have to be employed, which enable together high degrees of segregation. As a result, the longer periodicity for these systems often approaches 100 nm. Therefore, to our knowledge, the complexes disclosed in this study are the first supramolecular system capable of self-assembling into both core-shell hexagonal cylinders and parallel hierarchical lamellae-in-lamellae, and both on length scales of ca. 10 nm, that is, 1 order of magnitude lower than what previously reported in literature. Figure 5a presents the SAXS diffractogram of the complex G2-PMeDEG 33 -C 12 SO 4 . As many as six peaks are present, spaced as q 1 :q 2 :q 3 :q 4 :q 5 :q 6 = 1: √ 3:2: √ 7:3: √ 12, which, again, is typical of a very well-ordered columnar hexagonal structure with a period of 12.5 nm. Once more, the SAXS form factor and the heights of the individual peaks suggest a nontrivial hexagonal packing, which can be interpreted in terms of a core-shell structure of the cylinders, resulting from the incompatibility between the dendron, the linear polymer, and surfactants-rich domains. Although the contrast achievable with RuO 4 staining in TEM micrographs is again weak (Figure 5b ), a hexagonal packing can be recognized for the structure. Cryogenic TEM did not significantly increase the quality of the images, possibly because of the higher volume fraction of the PMeDEG in G2-PMeDEG 33 -C 12 SO 4 as compared with G2-PMeDEG 26 -C 12 SO 4 . The resulting morphology of this complex is schematically shown in Figure 5c with the surfactants occupying the core of the cylinders, the dendrons occupying the shell, and the polymer filling the space in between the cylinders. This morphology does not vary significantly with temperature, as studied by SAXS, and is thermodynamically stable up to 100°C, temperature at which the T ODT is reached. Again the morphology recovered at room temperature after going above the T ODT is identical, indicating thermodynamically stable structures.
To support the core-shell hexagonally packed cylinders morphologies further, we have fitted the experimental SAXS profile of the G2-PMeDEG 26 -C 12 SO 4 and G2-PMeDEG 33 -C 12 SO 4 samples with the expected theoretical curves.
The expected diffracted X-ray intensity for an ensemble of equal scatterers is given by I(q) = nP(q)S(q), in which n is the number of scattering objects, P(q) is the form factor of the scatterers, and S(q) is the structure factor of the geometrical organization of their centers of mass. Because we work in arbitrary units for the diffracted intensity, the number of scattering objects, n, can be omitted from the fitting, and the expected diffracted intensity is I(q) = P(q)S(q), in which P(q) is the form factor of core-shell cylinders and S(q) is the structure factor of a columnar hexagonal lattice. G2-PMeDEG 26 -C 12 SO 4 with the expected I(q) for hexagonally packed core-shell cylinders with inhomogeneous shell, in which the surfactants form the internal cylinder core, the dendrons form the corona, and the polymers form the continuous phase. In both cases, the radius of the cylinders internal core and corona are those calculated on the basis of the volume fractions of the surfactant, dendron, and polymer reported in Table 1 so that the only fitting parameters are the ratios among the scattering length of the three species. Despite a few minor variations between the experimental data and predicted scattering, which are essentially due to the smearing of the slit camera used in the SAXS, a remarkable good agreement is obtained in both cases, which conclusively assesses the proposed morphology of coreshell hexagonally packed cylinders having the surfactants on their core, the dendrons in the corona, and polymer in the continuous phase. Figure 7a presents the SAXS spectrum for the complex G2-PMeDEG 33 -C 18 SO 4 at room temperature. The low q peaks spaced as q 1 :q 2 :q 3 = 1:2:3 are typical of a lamellar phase with a period of 17 nm and an order somewhat lower than what was found for G2-PMeDEG 26 -C 18 SO 4 complexes. The reflection at 16.5 nm -1 in the high q range arises from the crystallinity of the surfactants. The TEM picture of this complex (Figure 7b ) and the high magnification inset also show a lamellar morphology that is hierarchically ordered: the black domains correspond to the dendron phase, the gray domains corresponds to the polymer, and the white domains to the surfactant phase. The morphology of this complex is sketched in Figure 7c .
Although G2-PMeDEG 33 -C 18 SO 4 and G2-PMeDEG 26 -C 18 SO 4 have a similar structure, their thermotropic behavior is very different. The complex with the shortest polymer tail (G2-PMe-DEG 26 -C 18 SO 4 ), as described previously, maintains the lamellar morphology up to the order-disorder transition, even after the melting of the crystalline alkyl tails. On the contrary, for the G2-PMeDEG 33 -C 18 SO 4 an order-to-order transition occurs with increasing temperature, as shown in Figure 8a . From room The fit has been obtained by imposing a lattice parameter of 11 nm, a core cylinder radius of 2.2 nm, and a shell of 1.5 nm. Again, these values are not fitting parameters but result directly from volume fraction considerations listed in Table 1 . temperature up to 70°C, the morphology is lamellar, and a crystallinity peak can clearly be observed at high q. Between 70 and 80°C, the crystalline alkyl tails melt, as revealed by the disappearance of the high q peak at 80°C, and simultaneously, the morphology changes from lamellar to columnar hexagonal, morphology which remains stable between 80 and 120°C. Upon further increase of the temperature up to 120°C or above, the order-to-disorder transition is reached, and the structure melts into a disordered isotropic fluid. Interestingly, depending on the cooling rate, both morphologies can be recovered at room temperature upon cooling from above the T ODT , the hexagonal morphology being observed over the lamellar at quicker cooling rates. Quite expectedly, however, the lamellar phase with crystalline alkyl tails can be obtained from the metastable hexagonal phase at room temperature if the sample is allowed to recover for enough time (ca. 1 month). These interesting findings prove that for G2-PMeDEG 33 -C 18 SO 4 : (i) at room-temperature hexagonal columnar morphologies are metastable, whereas lamellar phases are thermodynamically stable and that (ii) the presence of the tails crystallinity and the lamellar morphology are intrinsically related because both occur simultaneously. TEM pictures of both morphologies are shown in Figure 8b ,c. In the first case, the hierarchical organization of lamellae is evident; in the case of Figure 8c , the hexagonal packing of the core-shell cylinders is also clearly resolved. More importantly, cylinders laying parallel to the section are also found here, revealing convincingly a white core (alkyl tails) surrounded by dark shell (dendrons). A typical cylinder on parallel projection is marked red on the upper left part of Figure 8c .
Bates et al have already shown the very close association of crystallinity and lamellar phases in poly(ethylene)-poly(ethylethylene) and poly(ethylene)-poly(ethylene-propylene) diblock copolymers. 42 They observe a morphological change due to crystallinity: upon cooling below the melting temperature of polyethylene, a structure with hexagonally packed cylinders transforms into a lamellar structure, again in a specific volume fraction range.
The role of crystallinity on self-assembly has also been highlighted on supramolecular complexes. Canilho et al 43 have observed the clearing of the lamellar structure of surfactants ionically complexed to dendronized polymers in correspondence of the melting of crystallinity of the surfactants. A delay between the melting of the alkyl tails and the clearing of the lamellar phase has, however, been found by the same authors for hyperbranched polypeptides supramolecularly complexed to alkyl ionic tails. 44 We believe that in the present case, as in ref 42 , either the uncorrelation or the simultaneous occurrence of order-order transitions and alkyl tail melting observed for G2-PMeDEG 33 -C 18 SO 4 and G2-PMeDEG 26 -C 18 SO 4 may be related to: (i) the volume fraction of the alkyl tails themselves and (ii) to whether the hierarchical lamellar organization is the most stable morphology when the constraints imposed by the crystalline alkyl tails are released upon melting. In support of this scenario, for G2-PMeDEG 26 -C 18 SO 4 , where the volume fraction of surfactant and dendron is 0.26 (0.74 polymer), the lamellar structure is maintained when the crystallinity of alkyl tails melts; on the contrary, for G2-PMeDEG 33 -C 18 SO 4 , where the volume fraction is 0.22 (0.78 polymer), the stable phase upon suppression of alkyl tail crystallinity becomes the core-shell columnar hexagonal. In other terms, the boundary between hexagonally packed coreshell cylinders and hierarchically organized lamellae for this system appears to be in the region of the volume fraction of the polymer tail ranging between 0.76 and 0.78. The crystallization of the C18 tails, however, further contributes to stabilizing the lamellar structure. Therefore, observing cylinders between 0.81 and 0.76 polymer tail volume fraction is not surprising, whereas the lamellar phase observed at low temperature in between this region, at 0.78, would simply be a result of the C18 crystallization. This clearly demonstrates the impact of the volume fraction of tails on the properties of the supramolecular complex: the relative volume fractions can be altered, as done in the present case, by varying the length of the polymer tail emanating out of the focal point, offering an additional tunable parameter in the molecular design of the final structures. The findings presented here, are further supported by available SCFTs carried out for similar dendritic pitchfork-like systems. 28 In these simulations, several morphologies were found to be thermodynamically stable depending on the volume fractions of surfactants/dendrons/polymers and the degree of segregation occurring among the different constituents. In particular, coreshell columnar hexagonal phases with alkyl tails on the core of the cylinders and hierarchical lamellae analogue to those observed here, were found to be the most stable morphologies at specific volume fractions similar to those used in the present work. Furthermore, remarkable analogies can be found between the SCFT simulations and the morphologies presented here. For example, for core-shell cylinders, both experimental and SCFT simulations data agree on the compositions of all three types of microdomains, where alkyl tails form the core of the cylinders, the dendrons the shell, and the linear polymers the continuous matrix. As a further example, for the hierarchical lamellar phases, both experimental data and SCFT simulations clearly indicate that within a full lamellar lattice period, the domains formed by (a) the alkyl tails and (b) the linear polymer occur only once, whereas those formed by the dendrons occur twice.
These results not only further support the fact that the inverted and hierarchically observed morphologies are thermodynamically driven but also confirm that differently from general assumptions, 45 models developed to describe phase separation for block copolymers can be adapted and used to interpret microphase separation also in dendritic systems efficiently. Figure 9a highlights the role of the polymer chain emanating from the focal point of the dendrons by comparing the phase diagram for the second generation dendron complexed to C 12 SO 4 -or C 18 SO 4 - (Figure 9c ) 26 with the corresponding dendritic pitchfork-like system (Figure 9b ) and provides lattice parameters for the different structures observed. When the dendrons carry no polymer chain in the focal point, their mobility is high, and they can pack into inverted columnar hexagonal structures (with C 12 SO 4 -) or long-range ordered lamellar phases (with C 18 SO 4 -). In both cases, the structural organization is achieved on the order of 3-5 nm, as dictated by the liquid crystalline packing of surfactant and dendrons. In the present case, the polymer attached at the focal point of the dendrons, suppresses the organization at the liquid crystalline length scale (10 0 nm) but allows the structural packing to evolve to the polymer length scale (10 1 nm). However, the curvature at the dendron-alkyl tail interface is preserved with a core-shell morphology in the case of the hexagonal lattice and a flat interface in the case of hierarchically organized lamellae. Two factors are responsible for the inverted morphologies found in the core-shell cylinders: their low volume fraction 46, 47 and the favorable entropy of the short alkyl tails when these are confined within the cylinders. 25, 26 It is worth stressing here that whereas similar hierarchical structures (core-shell cylinders and parallel lamellae) can be found in triblock copolymer systems (although on larger length scales), 48, 49 their occurrence in dendritic systems has a remarkable significance because it demonstrates unambiguously that the intrinsic curvature of the dendron surface is still subject to the changes dictated by the most favorable energetic configurations in the solid state (e.g., the minimization of the free energy associated with both the entropic and the interfacial contributions).
In conclusion, we have shown that supramolecular systems with dendritic pitchfork-like structures arising from single polymer chain-terminated dendrons with alkyl tails ionically attached onto the dendron periphery, result in the self-assembly of highly ordered structures with various hierarchically organized unconventional morphologies and that these structures are found to be thermodynamically stable as per both experimental and theoretical evidence. Notably, these structures were found to consist of hierarchically packed parallel lamellae and core-shell hexagonally packed cylinders with alkyl tails confined within the cylinder cores. This makes these systems unchallenged candidates for structural hierarchical control of multidomains (g3) on length scales on the order of ∼10 nm. The resulting materials hold great promise in the design of stimuli-responsive nanomaterials. Exploiting the supramolecular noncovalent binding between the dendrons and alkyl tails, their confinement within cylinders and the temperature-responsiveness of the linear polymer emanating from the focal point of the dendrons (the polymer used in the present system has a lower critical solubility temperature LCST of 25°C) shall enable the design of new materials for templating responsive molecular filters and membranes similar to those described by Nykanen et al. 50 The present systems could additionally offer a controllable pore size and lattice by simply removing the ionically bound surfactants. 27 Finally, the orderorder transitions observed at moderate temperatures could also be exploited to induce sudden temperature-driven changes in materials properties, making these systems a very appealing candidate for new applications. Chemical structures for the complexes used in the present work. For comparison, the state diagram at room temperature for complexes based on dendron-surfactant systems identical to those studied here (but without polymer tails emanating from the focal point) is also shown in (c), 26 together with the corresponding chemical structures.
